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1. INTRODUCTION {#jpi12484-sec-0001}
===============

Malaria is one of the most lethal parasitic human diseases in the developing world, which caused more than 500 000 deaths in 2016 and 196 millions of new cases have been reported in the same year.[1](#jpi12484-bib-0001){ref-type="ref"} Its etiological agents belong to the *Plasmodium* genus, and among these, *Plasmodium falciparum* is responsible for the most severe form of the disease. There are reported cases of parasite resistance to all available antimalarials and understanding the parasite biology and signaling events will help to identify new more effective drugs.[2](#jpi12484-bib-0002){ref-type="ref"}, [3](#jpi12484-bib-0003){ref-type="ref"}

Mitochondria have uncommon evolutionary and functional characteristics in malaria parasites. An unconventional translation machinery and a reduction in the size of the mitochondrial genome, encoding just 3 proteins and the highly fragmented mitochondrial ribosomal RNA genes, appears to have originated at the point of divergence of dinoflagellates and apicomplexan parasites from ciliates.[4](#jpi12484-bib-0004){ref-type="ref"} Mitochondria in *plasmodia* participate in numerous vital physiological processes*,* some of them unique for the parasites such as pyrimidine biosynthesis.[5](#jpi12484-bib-0005){ref-type="ref"} Similarly to most other eukaryotes, mitochondria in *P*. *falciparum* and *P. chabaudi* also contribute to cellular Ca^2+^ homeostasis.[6](#jpi12484-bib-0006){ref-type="ref"}

Given the numerous and rapid cell divisions that the parasites undergo during the intra‐erythrocyte cycle, mitochondria should be able not only to synthesize and import rapidly a number of proteins from the cytosol, but also they must be able to divide and equally redistribute into the daughter cells at each division cycle.[7](#jpi12484-bib-0007){ref-type="ref"} The dynamics of mitochondrial fission/fusion is extremely important for the survival of every eukaryote cell type, as through this process (i) new mitochondria are formed, (ii) organelle damage can be repaired, (iii) proteins, nucleic acids, and metabolites are rapidly exchanged among organelles.[8](#jpi12484-bib-0008){ref-type="ref"}, [9](#jpi12484-bib-0009){ref-type="ref"}

Among the most important proteins controlling fission in mammalian mitochondria, 2 proteins appear particularly relevant, mitochondrial fission protein 1 (FIS1) and dynamin‐related protein 1 (DRP1). FIS1 is a small protein located in the mitochondrial outer membrane that is involved in the fragmentation of the mitochondrial network.[10](#jpi12484-bib-0010){ref-type="ref"}, [11](#jpi12484-bib-0011){ref-type="ref"} FIS1 plays a key role in the recruitment and association of the DRP1 to the mitochondrial surface. DRP1 is a GTPase that functions in several FIS1 controlled processes, like mitochondrial and peroxisomal division.[12](#jpi12484-bib-0012){ref-type="ref"}, [13](#jpi12484-bib-0013){ref-type="ref"}

As *Plasmodium* mitochondria mediate various events related to drug action mechanisms and resistance,[14](#jpi12484-bib-0014){ref-type="ref"}, [15](#jpi12484-bib-0015){ref-type="ref"}, [16](#jpi12484-bib-0016){ref-type="ref"}, [17](#jpi12484-bib-0017){ref-type="ref"} the search for proteins involved in mitochondria functions that could be potential target of pharmacological intervention in malaria. That lead us to investigate the existence of plasmodial proteins analogous to those expressed in other eukaryotes and to investigate the changes in their transcripts at the different differentiation stages of the parasites. Van Dooren (2006) identified 3 *Plasmodium* genes (PF3D7_1325600, PF3D7_1037500 and PF3D7_1145400) that encode 3 *Plasmodium* proteins, that is FIS1, DYN1, and DYN2, that present strong sequence and structural homology with mammalian FIS1 and DRP1.[7](#jpi12484-bib-0007){ref-type="ref"}

In humans, melatonin has a number of functions that can be exercised in a receptor‐dependent or receptor‐independent manner, such as regulation of the circadian cycle, sleep, cancer inhibition and detoxification of free radicals.[18](#jpi12484-bib-0018){ref-type="ref"}, [19](#jpi12484-bib-0019){ref-type="ref"} Due to the wide range of processes in which it participates, this hormone has numerous applications in physiology/medicine and deserves more attention, as disturbances in melatonin levels are present in several neurodegenerative diseases. Temporally controlled administration of melatonin may be used as a form of treatment of some disorders.[20](#jpi12484-bib-0020){ref-type="ref"}, [21](#jpi12484-bib-0021){ref-type="ref"} Melatonin can act as an intracellular antioxidant, participating in aging processes and formation of free radicals, and its high concentration in the mitochondria of eukaryotic cells supports these roles.[22](#jpi12484-bib-0022){ref-type="ref"}, [23](#jpi12484-bib-0023){ref-type="ref"} In fact, mitochondrial concentrations of melatonin are unaffected by extra cellular concentrations, and there are reports that purple nonsulfur bacteria, which gave rise to the mitochondria of modern eukaryotes, are capable of producing this hormone.[24](#jpi12484-bib-0024){ref-type="ref"}

In *P. falciparum,* melatonin is able to modulate the plasmodial cell cycle through an intracellular Ca^2+^ controlled signaling pathway.[25](#jpi12484-bib-0025){ref-type="ref"}, [26](#jpi12484-bib-0026){ref-type="ref"}, [27](#jpi12484-bib-0027){ref-type="ref"} The host hormone is also capable of increasing intracelular IP3[28](#jpi12484-bib-0028){ref-type="ref"} and cAMP levels within the parasite.[27](#jpi12484-bib-0027){ref-type="ref"}, [29](#jpi12484-bib-0029){ref-type="ref"} Blocking the IP3 receptor using the IP3R inhibitor 2‐APB was able to abolish the melatonin‐dependent Ca^2+^ increase.[30](#jpi12484-bib-0030){ref-type="ref"} Additionally, melatonin can modulate the expression and ubiquitination of the transcription factor PfNF‐YB.[31](#jpi12484-bib-0031){ref-type="ref"}, [32](#jpi12484-bib-0032){ref-type="ref"} RNAseq experiments performed by our group showed that the host hormone can upregulate 38 genes in the asexual cycle of the parasite,[33](#jpi12484-bib-0033){ref-type="ref"} whereas qRT‐PCR analysis revealed that melatonin is able to modulate genes involved in the ubiquitin proteasome system (UPS).[34](#jpi12484-bib-0034){ref-type="ref"}, [35](#jpi12484-bib-0035){ref-type="ref"} Taking together, these data reinforce that *P. falciparum* is able to sense and respond to changes in the external environment, including to the host hormone melatonin.

*Plasmodium falciparum* protein kinase 7 (PfPK7) is an orphan kinase (with no orthologues in mammalian cells). It has been previously shown that PfPK7 C‐terminal region has a sequence similar to mitogen‐activated protein kinase kinases (MAPKKs or MEK); meanwhile, the N‐terminal region has similarity with fungal protein kinase A.[36](#jpi12484-bib-0036){ref-type="ref"} Disruption of pfpk7 gene resulted in slower parasite growth caused by a reduction in the number of merozoites.[37](#jpi12484-bib-0037){ref-type="ref"} Interestingly, our group showed that the PfPK7 knockout strain (PfPK7^−^) was not able to respond to melatonin; as the ratio of asexual stages was not affected, there was no increase in cytosolic Ca^2+^ concentration upon melatonin addition and modulation of UPS genes did not occur.[35](#jpi12484-bib-0035){ref-type="ref"} Despite these results, the target of this kinase was not yet identified and its role in *P. falciparum* is not fully understood.

Here we demonstrate that the host hormone melatonin increases the transcription of FIS1, DYN1, and DYN2 genes. To further confirm the specificity of melatonin action on fission gene expression, we also demonstrate that the *P. falciparum* kinase 7 (*Pf*PK7)‐knockout strain is insensitive to the melatonin action[35](#jpi12484-bib-0035){ref-type="ref"} and does not modify the expression levels of FIS1, DYN1, and DYN2 upon hormone treatment.

2. RESULTS {#jpi12484-sec-0002}
==========

Given that the intra‐erythrocyte cycle of *P. falciparum* parasites involves a maturation process and several cell division events an equilibrated division and distribution of mitochondria among daughter cells is essential. We first verified the expression (by quantitative PCR) of the mRNA of the 3 *Plasmodium* genes potentially regulating the fission process, that is FIS1, DYN1, and DYN2. All 3 mRNAs were expressed, although their levels differed significantly depending on the cycle stage.

As far as FIS1 is concerned, a careful analysis of the aminoacid sequence of the encoded *Plasmodium* protein reveals that the parasite peptide is slightly smaller than the human homologue (17 kDa in humans and 16 kDa in *P. falciparum*), but it possesses the same structural domains at approximately equal positions (Figure [1](#jpi12484-fig-0001){ref-type="fig"}). Previous studies have shown that the tetratricopeptide repeat domain (TPR) of FIS1 in mammals is responsible for recruiting a set of mitochondrial fission effector proteins such as DRP1 and MDV1.[11](#jpi12484-bib-0011){ref-type="ref"} In *Homo sapiens*, phosphorylation of Ser 10 is responsible for the increased FIS1‐DRP1 interaction. Searching for that residue in the N‐terminal region of the *Plasmodium* protein revealed the presence of a serine at positions 3 and 23 and of a threonin at position 18, which may be phosphorylated and perform the same function.[11](#jpi12484-bib-0011){ref-type="ref"} The presence of FIS1 conserved regions, including potential phosphorylation sites, in the *Plasmodium* protein suggests that the *Plasmodium* mitochondria fission mechanism may utilize the same principles and molecular machinery described in other eukaryotes.

![Protein alignment of FIS1 and DRP1 from Homo sapiens with FIS1 and DRP1 candidates from *Plasmodium falciparum*. Numbers shows length and positions, and residues that may regulate FIS1 by phosphorylation are evidenced. Regions in red shows TPR domain of FIS1, which are important for protein‐protein interactions. Regions in blue show GTP/co‐factors binding and dimerization domain of DRP1; Green regions represent GTPase activity motif; Yellow region is Forkhead domain for DNA interaction of DYN1](JPI-66-na-g001){#jpi12484-fig-0001}

We next investigated 2 *Plasmodium* DRP1 candidates DYN1 (PF3D7_1145400) and DYN2 (PF3D7_1037500).[7](#jpi12484-bib-0007){ref-type="ref"} DYN2 is a 81 kDa protein and possesses all typical structural domains of DRP1, including the GTP and Mg^2+^ binding domains, GTP hydrolysis catalytic sites, dimerization interaction sites and phosphorylation sites. DYN1 is a 96 kDa protein that also contains all typical domains of DRP1 positioned similarly in the polypeptide chain, like DYN2, and in addition a Forkhead structural domain. This latter domain is typical of transcription factors and other proteins that interact with nucleic acids (Figure [1](#jpi12484-fig-0001){ref-type="fig"}).

The 3 genes selected had their expression validated by reverse transcription‐quantitative real‐time PCR (RT‐qPCR). Figure [2](#jpi12484-fig-0002){ref-type="fig"} shows the quantification of *P. falciparum* mRNA levels: FIS1, DYN1, and DYN2 are expressed throughout the intra‐erythrocytic parasite cycle in 3 different *Plasmodium* strains: wild‐type (3D7) parasites, the protein kinase 7 (*PfPk7*) knockout strain and the PK7 complement strain (knockout parasites that had the pk7 gene inserted in an episomal form). These latter 2 strains were used because knockout strains for kinase 7 (PfPK7) are incapable to respond to melatonin and to synchronize in response to the host hormone[35](#jpi12484-bib-0035){ref-type="ref"}, [37](#jpi12484-bib-0037){ref-type="ref"}; accordingly, this plasmodia mutant represents a good control model to investigate the signaling pathways specifically controlled by melatonin.

![Relative expression of FIS1, DYN1, and DYN2 throughout 3D7, *Pf*Pk7 knockout, and *Pf*Pk7 complement strains. Parasites were synchronized to isolate ring, trophozoite, and schizont stages using sorbitol, and RNA samples were extracted, purified, and submitted to RT‐qPCR. Seryl‐tRNA Synthetase expression was quantified to normalize mRNA levels. The graphics reveal an increase in FIS1, DYN1, and DYN2 expression in mature forms of 3D7 parasites. In *Pf*Pk7 knockouts, DYN2 presented no change in expression throughout stages, while FIS1 had a small change only in trophozoite stage and DYN1 was expressed similarly to 3D7 strain. For *Pf*Pk7 complement strain, both FIS1 and DYN2 did not show increase in expression](JPI-66-na-g002){#jpi12484-fig-0002}

As can be seen from Figure [2](#jpi12484-fig-0002){ref-type="fig"}, in 3D7 (control) parasites, FIS1 mRNA is minimal at the ring stage and maximally expressed in the schizont stage. In the PK7 knockout parasites, the mRNA encoding FIS1 is already elevated at the ring stage and it increased only slightly in the more mature forms. In PK7 complement parasites, the mRNA encoding FIS1 is low at the ring and schizont stage and much more abundant in trophozoites. The expression pattern of both DYN 1 and DYN2 is also qualitatively and quantitatively different among the 3 strains analyzed. Noteworthy, the expression of DYN2 is almost undetectable in PK7 knockout plasmodia at the trophozoite and schizont stages.

We next investigated whether the host hormone melatonin, that we showed can induce Ca^2+^ increases in the cytoplasm of plasmodia and cell cycle synchronization,[25](#jpi12484-bib-0025){ref-type="ref"} modifies the transcript levels of the 3 genes, FIS1, DYN1 and DYN2. Infected RBC cells were thus incubated for 5 and 17 hours with 100 nmol L^−1^ melatonin, and the mRNA levels were monitored at the trophozoite stage (ie, 30 hours after infection). We compared the expression of these genes in the 3 *P. falciparum* lines (3D7, *Pf*PK7^−^, and *Pf*PK7 complement clones). Figure [3](#jpi12484-fig-0003){ref-type="fig"} shows that for 3D7 parasites there is a statistically significant change in mRNA expression upon melatonin treatment when compared to the control group for FIS1 (increase after 17 hours of melatonin treatment), DYN1 (increase after 5 and 17 hours) and DYN2 (a clear drop after 5 hours) (Figure [3](#jpi12484-fig-0003){ref-type="fig"}A). For the parasite lines *Pf*PK7^−^ and *Pf*PK7 complement as expected, there is no difference in mRNA expression of the 3 genes upon melatonin addition when compared to the untreated cells. To show that the parasites retain their morphology after melatonin treatment, we have included the microscopy images of 3D7, *Pf*PK7^−^, and *Pf*PK7 complement (Figure [3](#jpi12484-fig-0003){ref-type="fig"}B).

![Relative expression of FIS1, DYN1, and DYN2 in 3D7, *Pf*Pk7^−^, and *Pf*Pk7 complement after melatonin treatment. Parasites at trophozoite stage (30 hours after invasion) were treated with 100 nmol L^−1^ of melatonin for 5 and 17 hours, and RNA samples were extracted, purified, and submitted to RT‐qPCR. Seryl‐tRNA Synthetase expression was quantified to normalize mRNA levels. The graphics reveal an increase in FIS1, DYN1, and DYN2 expression of 3D7 parasites. In *Pf*Pk7 knockouts and *Pf*Pk7 complement, we could not observe any change in expression of FIS1, DYN1, and DYN2 after treatment (A). Giemsa stained smears of infected red blood cells were made to make sure that the treatment did not interfered in parasites stage or morphology (B)](JPI-66-na-g003){#jpi12484-fig-0003}

Given the differences in fission gene expression during cell cycle stages, one may expect alterations in mitochondrial morphology during progression from rings to trophozoites. In order to monitor continuously and in living parasites mitochondrial morphology, we transfected the *P. falciparum* wild type parasites with a novel construct, "mito‐emerald," which encodes for a peptide containing the human cytochrome C oxidase signal peptide fused to the N‐terminal of emerald‐GFP fluorophore. This novel probe was expressed in an episomal way in the pDC plasmid. In Figure [4](#jpi12484-fig-0004){ref-type="fig"}A, it is shown that a single *Plasmodium* mitochondrion/cell appears as a small fluorescent dot in the cytoplasm at the ring stage, but as an elongated tubular structure in trophozoites. In mature segmented schizont stages, the fluorescence appears distributed in numerous dots homogeneously distributed among individual merozoites. Figure [4](#jpi12484-fig-0004){ref-type="fig"}A also shows the distribution of *P. falciparum* mitochondria, stained by the mitochondrial marker MitoTracker Red CMXRos (Mito‐tracker). The latter probe co‐localized nicely with the fluorescence of mito‐emerald throughout all the erythrocytic stages. Unlike "mito‐emerald" that can allow to monitor dynamically the shape of mitochondria in live cells, Mitotracker can be used only to verify the shape of the organelle in a precise moment, as prolonged incubation with this probe is toxic. Interestingly, in *Pf*PK7 strain, the mitochondria shows an elongated form at both the ring and schizont stages; in addition, it is possible to observe that some of the new cells have a nucleus staining but lack mitochondrial fluorescence (Figure [4](#jpi12484-fig-0004){ref-type="fig"}B). These morphological observations suggest that mitochondria during their intra‐erythrocyte cycle not only increase in number and equally divide during cell division, but also undergo major structural changes at the differentiation stage responsible for forming new cells capable of invading RBCs. Furthermore mitochondrial morphology in *Pf*3D7 wild‐type and *Pf*PK7 knockout strains appears drastically abnormal, with altered separation of organelles during division.

![Mitochondria from *Plasmodium falciparum* seen by fluorescent microscopy using Mito‐Emerald construction. Images were taken from ring, trophozoites, and schizonts stages of *Pf*3D7 (A) The parasite nucleus was stained by HOECHST 33342 and mitochondria with MitoTracker Red CMX Ros, to demonstrate co‐localization with Mito‐Emerald. Mitochondria shape changes from small dots in ring stages to an elongated form in trophozoites and multiple mitochondria within segmented schizonts. MitoTracker Red CMX Ros was used for staining *Pf* PK7 mitochondria (B). In *Pf* PK7, mitochondria starts as an elongated form in ring, and then, it grows bigger until segmentation in schizogony (B)](JPI-66-na-g004){#jpi12484-fig-0004}

We investigated whether the morphological alterations of mitochondria in the various cell cycle stages are accompanied by alterations in mitochondrial functions. In particular, we measured O~2~ consumption in *Pf*3D7 wild‐type and *Pf*PK7 knockout strain in rings, trophozoites, and schizonts (Figure [5](#jpi12484-fig-0005){ref-type="fig"}). Although no significant differences were observed in O~2~ consumption at the trophozoite and schizont stages, in the ring stage the oxygen consumption of *Pf*PK7 strain was twofold higher than in the wild‐type strain, probably due to the larger size of its mitochondrion.

![Oxygen consumption in *Plasmodium falciparum Pf*3D7 wild‐type and *Pf* PK7 strains at ring, trophozoites and schizonts. 10^8^ synchronized parasites of each strain were incubated in O2K (Oroboros Instruments) at 37°C in complete RPMI media, oxygen concentration was monitored for 10‐30 minutes, and oxygen consumption rates were determined. Figures A‐F are typical recordings of O2K instrument, showing a time course of total oxygen concentration (A, C, and E), and its derivative function showing consumption ratio in pmol per second (B, D, and F). Total oxygen consumption is equal to consumption of parasites (3) minus consumption of RPMI media alone (1). Addition of cells to O2K instrument causes a disturbance in oxygen quantification (2). The consumption ratio of parasites is shown in (4), and mean corrected values of 3 independent experiments for each stage are in (G). *Pf*3D7 showed a consumption that increases along with the cycle, as expected. *Pf* PK7 has an unusual oxygen consumption: Rings of this strain have a twofold higher consumption when compared to wild‐type strain, and it is not observable a direct correlation between oxygen consumption and cycle development](JPI-66-na-g005){#jpi12484-fig-0005}

We further investigated O~2~ consumption in 3D7 wild‐type parasites, to quantify O~2~ consumption related to ATP production and the maximum mitochondrial respiratory capacity due to uncoupling (Figure [6](#jpi12484-fig-0006){ref-type="fig"}). At the ring stage addition of oligomycin results in no significant change in O~2~ consumption, suggesting that at this stage the ATP synthetic activity of mitochondria is negligible; uncoupling by carbonyl cyanide m‐chlorophenylhydrazone (CCCP) resulted in almost a doubling of O~2~ consumption. At the trophozoite and schizont stages, on the contrary, oligomycin drastically reduced O~2~ consumption, indicating that the organelle is fully involved in cellular ATP synthesis. Indeed complete uncoupling by CCCP resulted in a O~2~ consumption that was similar to that under resting conditions, as observed in many mammalian cell types under the same conditions.[38](#jpi12484-bib-0038){ref-type="ref"}

![Oxygen consumption over time and after treatments with Oligomycin and carbonyl cyanide m‐chlorophenylhydrazone (CCCP) in 5 × 10^8^ 3D7 wild‐type parasites. Results of Oligomycin 10 μmol L^−1^ and CCCP 20 μmol L^−1^ were used for plotting bar graphs and analyzing the results because these were the lowest concentrations with highest consumption. Three independent experiments were performed for each stage. \*Statistical significant differences by Student\'s *t* test. Results show that mitochondria operates in an uncoupled state in trophozoites and schizont stages, and ATP production is responsible for 50% or less O~2~ consumption in these stages. Ring stages do not use oxygen for ATP synthesis. Blue line shows total oxygen concentration inside the O2K chamber over time, and red line shows its derivative curve, oxygen consumption rate in pmol/s. Each arrow represents addition of cells (first), oligomycin (second), CCCP (third to sixth). The intervals used to calculate oxygen consumption in each timepoint are shown between dotted lines: basal respiration (A), with 10 μmol L^−1^ oligomycin (B), with 5, 10, 20, and 40 μmol L^−1^ CCCP (C, D, E, and F, respectively)](JPI-66-na-g006){#jpi12484-fig-0006}

3. DISCUSSION {#jpi12484-sec-0003}
=============

The nature and regulation of the proteins that control mitochondrial fission and fusion have been extensively investigated in yeast and mammalian cells, while little is known in plasmodia.[4](#jpi12484-bib-0004){ref-type="ref"} In this contribution, we investigated in *P. falciparum* the mitochondrial fission candidate genes, FIS1, DYN1, and DYN2. The expression profile under melatonin treatment of these genes was analyzed throughout the cycle of wild‐type and PK7 knockout strains.

The initial stage of intra‐erythrocytic cycle, named ring, is a quiescent stage of low metabolic activity. Nevertheless, mRNAs were detected for all the 3 genes in both *Pf*3D7 and *Pf*PK7 strains.

Trophozoite stage is characterized by high metabolic rate and extensive protein synthesis. At this point, in the control strain, *Pf*3D7, the expression of FIS1 genes, DYN1, and DYN2 increased about 5 times compared to the expression at the ring stage. On the contrary, in the *Pf*PK7 strain no increase for FIS1 expression and a drastic decrease in expression of dynamins were observed. A significant increase in the mRNA of these proteins (though reduced compared to the controls) was observed when the PK7 gene was inserted in an episomal manner, indicating that somehow PK7 is engaged in events leading to early maturation of the mitochondrial division machinery.

During the final stage of the intra erythrocytic cycle, the expression of mitochondrial fission genes remains at high values relative to the ring stage in control strain, reaching a value 10 times higher for FIS1. In other cell types, it has been shown that overexpression of FIS1 is directly related to mitochondrial fission.[39](#jpi12484-bib-0039){ref-type="ref"}, [40](#jpi12484-bib-0040){ref-type="ref"} In the *Pf*PK7 strain, the FIS1 expression remains at basal levels, while the expression of dynamins decreases. These data may contribute to explain the slow growth phenotype of *Pf*PK7: The basal level of FIS1 expression and the low amount of dynamins are not sufficient to perform all successive mitochondrial divisions during schizogony.

We have then investigated the effect on the expression of the mRNA for the 3 genes of the treatment with the hormone melatonin (for 5 or 17 hours). Treatment of control *P. falciparum*‐infected cells at the trophozoite stage with 100 nmol L^−1^ melatonin induces the formation of mature forms of the parasite by mechanisms not yet fully elucidated.[25](#jpi12484-bib-0025){ref-type="ref"}, [35](#jpi12484-bib-0035){ref-type="ref"}, [41](#jpi12484-bib-0041){ref-type="ref"} Our data indicate that after 17 hours of treatment with 100 nmol L^−1^ melatonin, the expression of FIS1 and DYN1 genes was significantly increased in the wild type strain, compared to the cells in the absence of the hormone. These results indicate that melatonin may also have a role in the maturation of mitochondria, a critical step for cell division of any organism. As described by Koyama et al, the *Pf*PK7 strain is totally insensitive to melatonin‐induced maturation. As expected, no change in the expression of mitochondrial fission genes was observed in this strain upon treatment with melatonin.[35](#jpi12484-bib-0035){ref-type="ref"}

The mitochondrion appears to be a dynamic organelle that undergoes several morphological changes during the intra‐erythrocytic cycle. Recent studies have suggested that the mitochondrion appears as a single organelle for most of the asexual life cycle. Division apparently occurs very late in the schizogony with branched mitochondria remaining the predominant form in parasite. Van Dooren et al indicated that the mitochondrion lies in close proximity to the apicoplast during intra‐erythrocytic cycle and suggest a model for the mitochondrion‐apicoplast interaction: The 2 organelles are associated in ring and trophozoite stages.[42](#jpi12484-bib-0042){ref-type="ref"}

Plasmodia mitochondria, at the ring stage, appear not to be actively involved in cellular ATP synthesis, as revealed by the lack of oligomycin effect on O~2~ consumption, while at later stages, their O~2~ consumption in basal conditions is largely due to the ATP synthetizing activity (as revealed by the strong inhibition of Fo ATP synthase by oligomycin).

Our results for wild‐type parasites are consistent with those described by.[43](#jpi12484-bib-0043){ref-type="ref"}, [44](#jpi12484-bib-0044){ref-type="ref"} Interestingly, in *Pf*PK7 knockout strain, the maturation of mitochondrial metabolism during the cell cycle does not occur, as O~2~ consumption is already high at the ring stage. Noteworthy, mitochondria, at the ring stage, are small and rounded in *Pf*3D7 wild type, but are elongated in *Pf*PK7 knockout.

In conclusion, our results provide conclusive evidence supporting the importance of mitochondrial fission genes in the appropriate distribution of mitochondria in *P. falciparum* during parasite division. The modulation of mitochondrial fission genes appears to require a functional protein kinase 7. In addition, we demonstrate that the host hormone melatonin modulates the transcription of the key genes involved in mitochondrial fission.

4. MATERIALS AND METHODS {#jpi12484-sec-0004}
========================

4.1. Parasites {#jpi12484-sec-0005}
--------------

*Plasmodium falciparum* parasite lines (3D7, *Pfpk7* ^−^, and *Pf*pK7 complement clones) are cultured in RPMI 1640 (Invitrogen) supplemented with 37.5 mmol L^−1^ HEPES, 7 mmol L^−1^ D‐glucose, 6 mmol L^−1^ NOH, 25/mL gentamicin sulfate, 2 mmol L^−1^ [l]{.smallcaps}‐glutamine, and 10% human serum) and maintained in human erythrocytes under a gas mixture of 5% O~2~, 5% CO~2~, and 90% N~2~.[45](#jpi12484-bib-0045){ref-type="ref"} Culture is synchronized using 5% sorbitol.[46](#jpi12484-bib-0046){ref-type="ref"} For *Pfpk7* ^−^ and *Pf*pK7 complement parasite, the same medium was supplemented with 2.5 μg/mL blasticidin.

4.2. Bioinformatic analysis {#jpi12484-sec-0006}
---------------------------

The complete human aminoacid sequence of FIS1 and DRP1 was retrieved in NCBI database. The gene sequences for *P*. *falciparum* 3D7 strain FIS1, DYN1, and DYN2 were found using a homology search based in human sequences, in *Plasmodium* database (PlasmoDB). Sequences alignments were performed at the European Bioinformatics Institute website (EMBL‐EBI) using the EMBOSS Needle tool and the Matrix EBLOSUM62. Structural domains were identified and analyzed by BLAST at the NCBI database.

4.3. Imaging *Plasmodium falciparum* mitochondria {#jpi12484-sec-0007}
-------------------------------------------------

Live parasites were observed by fluorescent microscopy using an AxioScope microscope (Zeiss) equipped with an AxioCam HRC digital camera (Zeiss) and analyzed with the AxioVision 4.8 software. To visualize the nucleus, parasitized erythrocytes were incubated with HOECHST 33342 with 10 μg/mL. To demonstrate co‐localization, parasites were incubated additionally with MitoTracker Red CMX Ros according to (Wrenger and Müller, 2004; Chan et al., 2013). Briefly, infected erythrocytes were incubated at 37°C with 25 nmol L^−1^ MitoTracker before pelleted at 1500 rpm for 5 minutes at room temperature. The supernatant was removed, and the parasitized cells were resuspended in prewarmed medium and immediately analyzed by fluorescent microscopy.

4.4. Melatonin treatment {#jpi12484-sec-0008}
------------------------

The culture erythrocyte previously synchronized with parasites was transferred to a large flask and fresh medium added. Melatonin was dissolved in ethanol (40 mmol L^−1^) and immediately added to a final concentration of 100 nmol L^−1^ in RPMI and incubated for 5[35](#jpi12484-bib-0035){ref-type="ref"} and 17 hours[25](#jpi12484-bib-0025){ref-type="ref"} at 37°C. The melatonin was added to synchronized parasites in culture at the trophozoite stage (30 hours after infection).

4.5. RNA extraction and real‐time RT‐PCR {#jpi12484-sec-0009}
----------------------------------------

Total RNA was extracted using Trizol reagent (Invitrogen) according to the manufacturer\'s instructions. RNA was quantified using the Nanodrop ND‐1000 UV/Vis spectrophotometer, and RNA integrity was checked by electrophoresis using an Agilent 2100 Bioanalyzer. Random‐primed reverse transcription (RT) was performed using 1.0 μg of total RNA according to the Super Script III kit protocol (Invitrogen). The relative transcriptional levels were determined through quantitative PCR (qPCR) with Sybr Green PCR Master Mix (Applied Biosystem) using the 7300 Real‐Time PCR System (Applied Biosystem). Real‐time data were normalized in relation to the level of expression of Seryl‐tRNA Synthetase. *P*‐value was determined for the biological triplicates with Student\'s *t*‐test, using one tail distribution and heteroscedastic variance.

4.6. Cloning of mt‐Emerald gene into *Plasmodium falciparum* expression vector pDC {#jpi12484-sec-0010}
----------------------------------------------------------------------------------

The ORF encoding the mt‐Emerald gene was amplified from the original mammalian expression plasmid mEmerald‐Mito‐7 (Addgene, kindly supplied by Dr. Rosário Rizzuto) using the specific primers: 5′ CTCGAGATGTCCGTCCTGACGCCGC 3′ and 5′ CTCGAGTTACTTGTACAGCTCGTCCATGCCG 3′. The XhoI cleavage site was added in the 5′ end of both primers. Approximately 100 ng of plasmid was used in a PCR reaction in the following conditions: 94°C/2′, 35 cycles of 94°C/30″; 57°C/30″ and 68°C/120″ and a final step of 74°C/5′. The amplicons were purified from agarose gel using PureLinkTM Quick Gel Extraction Kit (Invitrogen) according with the manufacture\'s protocols. The purified amplicons were then cloned into bacterial propagation vector pJET (Fermentas) and used to transform Chemically Competent *Escherichia coli* DH5α strain. The transformant selection was made in LB agar plates at 37°C for 12 hours. Single colonies were grown in 5 mL of LB/ampicillin at 37°C for 12 hours at 180 rpm. Plasmid DNA was extracted with kit PureLink Quick Plasmid Miniprep (Invitrogen).

To test for the presence of mt‐Emerald gene, plasmid DNA was submitted to restriction analyses with the XhoI enzyme. The reaction was performed with approximately 10 U of enzyme at 37°C for 2 hours. The mt‐Emerald gene was then transferred to *P. falciparum* transfection plasmid pDC (kindly supplied by Dr. Gerhard Wunderlich). For this purpose, pJET/mt‐Emerald construct and pDC vector were submitted to a new restriction reaction with XhoI enzyme and the fragments, approximately 0.8 and 6 kb, corresponding to mt‐Emerald and pDC, respectively, were purified from the agarose gel as described above. The ligation reaction was carried out at 4°C overnight and was used to transform chemically competent *E. coli* using the heat shock method. From the 26 colonies obtained, 8 colonies were positive for mt‐Emerald gene. The correct insertion of the gene was confirmed by restriction analyses with NcoI, as digestion with this enzyme results in fragments with different sizes depending on the orientation of the insert. Colonies 2 and 5 showed the mt‐Emerald inserted in the correct orientation and the DNA extracted from these clones were used for transfection of *P*. *falciparum*.

4.7. Transfection of *Plasmodium falciparum* with the pDC/mt‐Emerald constructs {#jpi12484-sec-0011}
-------------------------------------------------------------------------------

Transfection was performed as Hasenkamp et al.[47](#jpi12484-bib-0047){ref-type="ref"} A culture containing the 3D7 strain of *P. falciparum* synchronized ring stage with 10% parasitemia was collected in 50 mL Falcon tube and centrifuged for 5 minutes at 500*g*. The supernatant was discarded, and the pellet containing the infected erythrocytes was washed with 15 mL of buffer cytomix (120 mmol L^−1^ KCl, 0.15 mmol L^−1^ CaCl~2~, 2 mmol L^−1^ EGTA, 5 mmol L^−1^ MgCl~2~, 10 mmol L^−1^ K~2~HPO~4~/KH~2~PO~4~, 25 mmol L^−1^ HEPES). After washing, 150 μL of these erythrocytes was removed, resuspended in 150 μL of citomix buffer and placed on ice. Fifty micrograms of pDC vector containing the sequence of the mt‐Emerald was resuspended in 100 μL cytomix and added to erythrocytes infected with *P. falciparum*. Then, this material was transferred into a 0.2‐cm cuvette placed on ice. The electroporation conditions were as follows: 310 V, 960 μF, 200 Ω. The cells were then transferred to a 15‐mL Falcon tube with 10 mL of RPMI culture medium, centrifuged for 5 minutes and placed in flasks containing 20 mL of RPMI and placed in an incubator (5% CO~2~, 5% O~2~, and 90% N~2~). After 48 hours, 5 nmol L^−1^ WR99210 was added to the culture medium to select for transformants. The transfected parasites (*Pf*mt‐Emerald) started to appear approximately after 2 weeks, and the fluorescent parasites could be observed in a fluorescence microscope.

4.8. Oxygen consumption {#jpi12484-sec-0012}
-----------------------

*Pf*3D7 and *Pf*PK7 strains were taken directly from the culture, and parasitemia was established by light microscopy on slides stained with GIEMSA. 2 × 10[8](#jpi12484-bib-0008){ref-type="ref"} parasites in complete RPMI medium were added directly to the O2K Oxygen Reading Chamber (Oroboros Instruments) under constant stirring at 37°C and final volume of 2 mL for the determination of oxygen consumption. The apparatus was calibrated with complete RPMI (zero consumption), and the analyses were performed in comparison with the consumption of empty erythrocytes. For oxymetry data, the oxygen consumption was established during a linearity interval of at least 10 minutes, and the values were plotted in GraphPad Prim 6 Software. The derivative of the generated function was used to infer the rate of consumption in nmol/min. The statistical test used was Tukey\'s *t* test for comparing 2 means. *P* values less than or equal to .05 were considered to indicate significant statistical differences.

Oligomycin was used to inhibit F~o~ ATP synthase in 3 different concentrations: 2.5, 5, and 10 μmol L^−1^. CCCP was used to uncouple respiratory chain and calculate the maximum oxygen consumption rate, in 4 different concentrations: 5, 10, 20, and 40 μmol L^−1^. For the experiments with oligomycin and CCCP, we used 5 × 10[8](#jpi12484-bib-0008){ref-type="ref"} parasites to increase resolution.
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